To engineer dehairing alkaline protease (DHAP) variants to improve cold activity and increase thermostability so these variants are suitable for the leather processing industry. Based on previous studies with bacterial alkaline proteases, double-site mutations (W106K/V149I and W106K/M124L) were introduced into the DHAP from Bacillus pumilus. Compared with the wild-type DHAP hydrolytic activity, the double-site variant W106K/V149I showed an increase in specific hydrolytic activity at 15°C by 2.3-fold toward casein in terms of hydrolytic rate and 2.7-fold toward the synthetic peptide AAPF-pN by means of k cat /K m value. The thermostability of the variant (W106K/V149I) was improved with the half-life at 60 and 70°C increased by 2.7-and 5.0-fold, respectively, when compared with the thermostability of the wild-type DHAP. Conclusively, an increase in the cold activity and thermostability of a bacterial alkaline protease was achieved by protein engineering.
Key words: alkaline protease; Bacillus pumilus; cold activity; site-directed mutagenesis; thermostability Serine alkaline proteases from bacteria are an important group of industrial enzymes that are used widely in detergent, leather and silk industries. 1, 2) Because of their importance in industrial applications, bacterial alkaline proteases have been extensively characterized to elucidate the relationship between their structure and function. Protein engineering is commonly used to generate different bacterial alkaline protease variants. For example, BPN′ was engineered by mutating~50% of the residues and the mutants generated where characterized. 3) Previous studies have focused primarily on improving activity, increasing thermostability, and altering substrate specificity. [3] [4] [5] An alternative attractive engineering strategy is the design of alkaline proteases that are highly active at lower temperatures, so-called cold-active enzymes. 6) Such enzymes that are active at temperatures below room temperature have significant value in biotechnological processes. 7) For example, washing at lower temperatures reduces energy consumption and is therefore environmentally beneficial, and thus the design of cold-active subtilisins required for optimal washing at or below room temperature is desirable. Here, psychrophilic subtilisins isolated from the Antarctic Bacillus species have been characterized to meet this requirement. 8, 9) However, these psychrophilic subtilisins are often heat-labile, and thus storage or compatibility with detergent components can be a problem. Therefore, engineering a subtilisin that combines stability and cold activity represents a worthwhile strategy to pursue. A number of subtilisin variants with improved activity at low temperatures have been engineered. 10) Previously, a dehairing alkaline protease (DHAP) from Bacillus pumilus was biochemically characterized and found to be of potential use in leather processing. [11] [12] [13] Based on structural modeling and multiple sequence alignment, the variant V149I demonstrated improved cold activity and an increase in thermostability. 14) In this report, we have integrated V149I with either W106K or M124L, and the resulting double-site variant W106K/V149I was found to show an increase in both specific cold activity and thermostability when compared with that of the wild-type DHAP.
terminator sequences, was used as the site-directed mutagenesis template. The mutation methods used followed the QuikChange method (Stratagene, Cedar Creek, TX, USA). The primers used for construction of the variants are shown in Table 1 . The mutagenesis polymerase chain reaction (PCR) was carried out in 25 μL samples con-taining~100 ng pAPN8B cDNA as the template, 2.5 U Pfu DNA polymerase, 1 μM of each primer, and 200 nM dNTP. The PCR reaction was as follows: pre-denaturation for 4 min at 94°C; denaturation for 30 s at 94°C, annealing for 30 s at 52°C, extension for 6 min at 72°C, 25 cycles; and then a final extension for 10 min at 72°C. After digested with 5 U Dpn I at 37°C for 4 h to remove the template DNA, the PCR products were transformed into Escherichia coli DH5α cells. The desired mutations were confirmed by DNA sequencing and transformed into B. subtilis WB600 competent cells, as described previously. 14) Each of the recombinant B. subtilis WB600 were grown in 1 L Luria-Bertani broth complemented with 1% milk powder to express the protease. After incubation at 37°C for 48 h with vigorous shaking, the supernatant was collected by centrifugation 4600 g for 10 min at 4°C. The purification procedure of the recombinant proteins is described in detail by Huang et al. 14) . Finally, the protease was adjusted to a concentration of 0.5 μg μL −1 in the storage buffer (25 mM Tris-HCl, 2 mM CaCl 2 , 50% glycerol, pH 8.0).
Enzyme activity assays.
The caseinolytic activity of the proteases was determined according to methods described previously. 12) One caseinolytic unit was defined as the amount of enzyme that produced 1 μg tyrosine per min.
Hydrolysis of AAPF-pN was performed in 20 mM Tris-HCl buffer (pH 8.0) containing 2 mM CaCl 2 with the indicated amount of substrate and enzyme. The hydrolytic reaction was initiated by adding substrate, and the release of p-nitroanilide was monitored on-line at 410 nm using a UV2450 spectrophotometer (Shimadzu, Kyoto, Japan). The concentration of p-nitroanilide was calculated using ε 410 = 8880 M −1 cm −1 as the molar extinction coefficient.
For estimation of the kinetic parameters, the initial velocity was estimated using a range of various substrate concentrations (0.05-1.2 mM) at the indicated temperature. The obtained initial velocity against the substrate concentration was used to fit the Michaelis-Menten equation by nonlinear regression using the software Sigmaplot v12 (http://www.sigmaplot.com). All experiments were carried out in triplicate. The activation energy (E a ) for these variants to catalyze AAPF-pN was estimated according to the Arrhenius plot. 15) Thermal inactivation of mutants. To evaluate the thermostability of the wild-type and variant enzymes, an appropriate amount of enzyme was diluted in the 25 mM Tris-HCl buffer (pH 8.0) and incubated in a water bath at various temperatures. At the indicated time points, an enzyme sample was taken and immediately immersed in ice. The residue activity was assayed as described above with AAPF-pN as substrate. Experiments were repeated in triplicate.
Homology modeling.
The automated comparative protein structure homology modeling server, SWISS-MODEL (http://www.expasy.org/swissmod/), 16) was used to generate the three-dimensional model of DHAP with subtilisin E (PDB ID: 1SCJ) 17) as the template. Swiss-PDB DeepViewer software (http://www.expasy. org/spdbv) was used to visualize and analyze the model generated. 18) 
Results and discussion
Selection of amino acids for combinational mutagenesis.
In engineering the alkaline protease DHAP, several sites were selected previously for saturation site-directed mutagenesis based on the multiple sequence alignment and previous studies on protease engineering. 19, 20) The primary screen using fermentation supernatants had been performed previously and showed that the cold activity and meso-activity of W106K and M124L mutants were improved, respectively. 21) Accordingly, W106 was not conserved in bacterial alkaline proteases ( Fig. 1(a) ) and is located on the fourth α-helix with likely exposure to the solvent ( Fig. 1(b) ). The corresponding site in subtilisins WF146 and psychrophilic S41 is Asp, and substitution of D98 with Asn in subtilisin WF146 led to an increase in cold activity. 20) M124 is conserved across the bacterial subtilisins, except in savinase ( Fig. 1(a) ), and located on the sixth β-sheet, which is part of the substrate-binding pocket ( Fig. 1(b) ). Mutation of this site in subtilisins WF146 and BgAP improved the cold activity of these enzymes. 19, 20 ) The site V149 in three-dimensional structure modeling of DHAP is closer to active site. The mutant V149I may influence the local flexibility of the substrate-binding pocket. 20) Since the DHAP variant V149I was demonstrated to show an increase of both cold activity and thermostability, 14) combinatorial mutation of V149I with W106K or M124L was constructed to probe the cold activity and thermostability of these mutants. Substitutions of the three sites with Ile, Lys, and Leu, respectively, are presented in the model (Fig. 1(c) ) and indicate that these substitutions will unlikely perturb the secondary structure of the protein.
Temperature-dependent caseinolytic activity
The wild-type (wt) alkaline protease DHAP and its variants (W106K, M124L, W106K/M124L, W106K/ V149I, M124L/V149I, and W106K/M124L/V149I) were recombinantly produced in B. subtilis WB600 and Table 1 . Primers used for construction of the variants.
Primers
Sequence (5′-3′)
purified. The specific caseinolytic activity of each enzyme was evaluated over various temperatures. Figure 2 shows that all variants have an increased specific caseinolytic activity when compared with that of the wt enzyme over the temperature range of 15-55°C. The activity of the double-site variants was greater than the single-site variants. Here, the W106K/ V149I variant showed the largest increase in caseinolytic activity, with a value~1.5-fold greater than the wt at all temperatures. Furthermore, time course analysis of the caseinolytic product was performed. The hydrolytic progress curve was almost linear increase for all variants and wt during the reaction period at 15°C ( Fig. 3(a) ). Therefore, the slope of the curve could be simply used to represent the catalytic rate under this condition. For the variant W106K/V149I, the caseinolytic rate was the fastest, by an increase of~2.3-fold greater than that of the wt. At 50°C, all variants also exhibited higher hydrolytic rate than the wt, but a slow reduction in activity was observed after 30 min ( Fig. 3(b) ). However, the triple mutant (W106K/ M124L/V149I) showed lower caseinolytic activity than the wt (data not shown).
Hydrolytic kinetics toward AAPF-pN
Hydrolytic activity toward the synthetic peptide AAPF-pN showed that all variants performed better than the wt did at various temperatures (data not shown). Further, kinetic parameters were calculated at 15 and 50°C. Table 2 shows that the catalytic efficiency (k cat /K m ) for all variants increased when compared with the k cat /K m of the wt enzyme. This is clearly different from other subtilisin variants, which showed only an increase in the caseinolytic activity at lower temperatures, but a decrease in hydrolytic activity toward synthetic peptides. 20, 22) Among the variants, the mechanism for the increase in catalytic efficiency varied in terms of the kinetic parameters. For the M124L variant, the increase in specific activity at 15°C was caused mainly by a decrease in the K m value in comparison with that of the wt, implying that M124L acquired higher affinity to the substrate under cold conditions. The same observation was demonstrated previously for the variant V149I. 14) M124 and V149 are buried in the structural model, and are close to the substrate binding pocket (Fig. 1(c) ). Thus, mutation may modulate the local structure, leading to enhanced substrate affinity. 21) In contrast, substitution of W106 with Lys led to an increase in the k cat value. W106 is exposed to the solvent and its substitution with a charged Lys will likely change the local electrostatic status, resulting in greater flexibility that facilitates release of the products at lower temperatures. 23) For the double variants, the catalytic efficiency of W106K/V149I was 3.7-fold higher than that of the wt at 15°C, which was largely due to the higher turnover number (k cat ). Therefore, an accumulative effect of W106K and V149I was integrated into the double-site variant, because the increase in the k cat value of W106K or V149I 14) was enhanced in comparison with that of the wt. The double-site variant W106K/M124L exhibited a decrease in the K m value but an increase in the k cat value when compared with that of the wt, leading to a clear increase in the catalytic efficiency. In contrast, the double variant M124L/V149I did not exhibit an accumulative effect even though the catalytic efficiency of M124L was 1.9-fold higher than that of the wt. This observation may be ascribed to the position of the residues in the model (Fig. 1(c) ). Fig. 3 . The caseinolytic progress curves of the wt and variants of protease DHAP at 15°C (a) and 50°C (b). The activity assay was carried out in 400 μL reaction mixture (borate/NaOH, pH 9.6, 2 mM CaCl 2 ) with 1% casein as substrate. The data were expressed as the average value from three independent experiments with the error bar. The caseinolytic progress curve 101 × 101 mm (150 × 150 DPI). Substitutions of Met124 and Val149 may interfere with the local structure and such structural changes nullify any positive effect on catalytic efficiency. These data suggest that improved enzyme properties could be found by combining various single mutations at distant sites. Finally, the activation energy (E a ) for each variants was estimated ( Table 2 ). It was shown that E a value of all the variants was lower than that of the wt, suggesting that these mutations led to the catalytic reaction more easily, especially at the lower temperature. For example, the double variant W106K/M124L achieving the highest catalytic efficiency (k cat /K m = 2.33 × 10 6 s −1 M −1 ) at 15°C, has the lowest E a value among these variants.
Thermostability Figure 4 shows the thermal inactivity profiles as a first-order reaction at different temperatures. For the single-site variants, W106K exhibited better resistance to thermal inactivation with a longer half-life (22.4 and 1.0 min at 60 and 70°C, respectively) than that of the wt (Table 3 ). This observation is consistent with the finding that more charged amino acid residues, like Lys, are located on the surface of proteins from thermophilic organisms. 24) In contrast, substitution of M124 with Leu led to a slightly negative effect on thermostability, which was also reported in the alkaline protease BgAP. 19) The W106K/V149I variant was the most stable protein at both temperatures. The half-life (t 1/2 ) of W106K/V149I was 3.7-and 6.0-fold longer than that of the wt at 60 and 70°C, respectively ( Table 3 ). The other variants, like W106K/M124L also achieved better thermostability and catalytic activity over the wt. So these variants are different from other variants reported previously. 20, 25) For example, substitutions of the β8-β9 turn in subtilisin Carlsberg increased the catalytic activity, but decreased the thermostability of the enzyme. 25) This phenomenon is commonly recognized as a "tradeoff" between activity and stability. 7) However, there are examples that integrate thermostability and activity into a single variant by protease engineering. 19, 22) For example, substitution of four amino acid residues in the mesophilic subtilisin SSII generated a variant with an increase in both cold activity and thermostability. 26) Taken together, there is not always a trade-off between Fig. 4 . Thermal inactivation profiles of the wt and variants of protease DHAP. Each enzyme in 20 mM Tris-HCl (pH 8.0) was pre-incubated at 60 and 70°C for various times, and then the residual activity was assayed with AAPF-pN as substrate. The relative activity was normalized to the initial activity (100%) of each enzyme. The data are derived from three independent experiments. Thermal inactivation profiles 101 × 101 mm (150 × 150 DPI). The half-life of thermal inactivity was calculated based on the plot of the residual activity against the time (Figure 4 ). The residual activity was assayed with AAPF-pN as substrate after heating-treatment of each enzyme in 20 mM Tris-HCl (pH 8.0) for different times.
the catalytic activity and thermostability, and single variants can be engineered that integrate both factors to yield a bacterial alkaline protease that shows promise for industrial use.
Conclusions
We have demonstrated that combining the mutation W106K with either V149I or M124L in the alkaline protease DHAP from B. pumilus caused an accumulative effect on hydrolytic activity, especially on the cold activity toward both casein and synthetic peptide substrates. Our results differ to the results on variants from other bacterial alkaline proteases, which show an increase in the hydrolytic activity only toward casein but not toward a synthetic peptide substrate. 20, 22) In addition, the thermostability of these variants also improved. These data indicate that both cold activity and thermostability can be integrated into a single protease variant by protein engineering.
